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ABSTRACT. Nowadays, the environmental impact of cementitious material 
industry and more generally of building activities is matter of concern, 
especially in terms of their effects on climate change and consumption of 
natural resources. Within this context, the aim of this paper is the investigation 
of the role of biochar, a solid carbonaceous by-product material resulting from 
biomass pyrolysis/gasification of residual biomass, as a sustainable ingredient 
for the production of cementitious materials, combining carbon sink 
properties with enhanced mechanical behavior. Although biochar is mainly 
investigated as agricultural amendment, there is also evidence that biochar may 
be an eco-friendly material to improve the sustainable performance of 
cementitious materials.  
As outlined in literature, biochar can be used as filler to modify the 
nanogranular nature of cement matrix, or as substitute of clinker to reduce the 
emissions of greenhouse gases related to cement production. In this work, 
biochar is added as micro-nano particles in different cementitious composites, 
i.e. cement pastes and mortars, as a function of filler or partial substitute of 
cement. The main mechanical properties of biochar-based materials are then 
investigated to determine the optimal percentage of biochar addition.   
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he high rates of greenhouse gas emissions have led to the need for measures to mitigate the damage caused and 
reduce future emissions. In the construction industry, concrete is the most used material in the world, thanks to its 
low cost and mechanical benefits; currently, more than 2.8bn tons of concrete are consumed each year [1]. Due to 
the large quantities involved, the cement industry accounts for 7% of global CO2 emissions[2]. These levels have raised 
alarm and led to finding more environmentally friendly alternatives. 
Recently, many opportunities for using alternative cements are based on different chemical compositions and binding phases 
and they are obtained using recycled resources and mineral waste [3]. Today Supplementary Cementitious Materials (SCMs) 
are also widely used in concrete technology to partially substitute ordinary Portland cement (OPC). Given that there is no 
additional clinkering process involved, their use leads to a significant reduction in CO2 emissions per ton of cementitious 
materials [4,5]. Some of the emerging green alternatives rely on technological advances that include energy-efficiency and 
low carbon production methods or new cement formulations as calcium sulfoaluminates cements (CSA), geopolymers and 
carbon negative cements. Alternative Cementitious Materials (ACMs) concretes can be produced with greenhouse gases 
(GHG) emissions and energy consumption significantly lower than mixtures comprising Portland cement [6–8].Another 
possibility of action is based on the use of biochar in cement-based materials.  
The International Biochar Initiative (IBI) defines biochar as “a solid material obtained from the thermochemical conversion 
of biomass in an oxygen-limited environment” [9]. Over the year 2016, the European Union generated almost 50 million 
tons of wood wastes, of which 48% were combusted with energy recovery, 2% incinerated, 1% landfilled and 49% were 
recycled [10]. Pyrolysis or gasification are processes that considerably reduce the environmental impact compared to 
ordinary combustion. Their implementation can enhance waste management and reduce toxic emissions, associated with 
the elimination of wood waste, allowing an important energy recovery [11,12]. The solid by-product of pyrolysis and 
gasification processes is represented by biochar, which nowadays is mainly used as a soil amendment [13–18]. Additionally, 
biochar has the potential of reducing net greenhouse gas (GHG) emissions by about 870 kg CO2 equivalent (CO2-e) per 
ton dry feedstock [19] depending on the type of feedstock and preparation conditions used. From the construction point 
of view, biochar can be an excellent construction material because it is generally characterized by low thermal conductivity 
and flammability, while it is chemically stable by high fixed carbon levels [20]. It has high specific surface areas and pore 
volumes, and good adsorption capacity [21], which generates a good interaction with cementitious matrix. It is also known 
that the pores can promote water retention during the mixing stage. This water is then released as the available moisture 
used up for hydration reactions, promoting secondary hydration reactions and additional curing, resulting in a concrete with 
improved mechanical properties [22].  
The use of biochar in cementitious mixtures has been shown to be beneficial since it can lead to an improvement of the 
physical and mechanical properties of the material [23–31]. However, since biochar used in literature comes from different 
raw materials and from production plants with different characteristics, there is no ideal mix design for its use, mainly due 
to the high variability of the intrinsic characteristics of biochar particles. The morphology, the content of pure carbon, the 
release of volatiles, the size and distribution of pores of biochar strongly depend on the type of biomass and the 
characteristics of the process of production, namely presence or not of oxygen under the stoichiometric limit (i.e. pyrolysis 
or gasification), maximum temperature, heating rate and pressure [32]. Moreover, biochar particles can be subjected to 
different pre-treatments before their addition to cementitious mixtures, such as sieving, grinding or pre-soaking. All these 
treatments influence the way biochar interacts with the cementitious matrix, thus leading to more or less promising results. 
In this work, the use of biochar from gasification of local forest wood chips (named “Borgotaro Gray” biochar in the 
following) has been investigated both as filler and as cement replacement in cement paste and mortar mixes.  
The aim is to evaluate the optimal percentage of addition/replacement of biochar and the influence of mixture parameters 
(i.e. if biochar is inserted dry or pre-soaked with water in the admixture). More in detail, the experimental program has 
consisted of two series of tests, the first one on cement pastes, carried out at Politecnico of Torino, and the second one on 
cementitious mortars, carried out at University of Parma. The study was mainly focused on the mechanical characterization 
of the obtained cement-based composites as a first step to develop environmentally-friendly concretes. 
 
 
BIOCHAR: CHEMICAL AND PHYSICAL CHARACTERIZATION 
 
ray Borgotaro biochar was produced from virgin wood chips through gasification, by an industrial "downdraft" 
system in which the fuel (wood) and the gas move in the same direction, while the maximum temperature reached 








The feedstock choice is related to worldwide (and local) availability of wood waste, so as to promote sustainability and 
circular economy. Moreover, Gray Borgotaro biochar cannot be used as a soil improver, due to the fineness of its particles, 
since it represents the finest waste in cogeneration energy production process. Furthermore, the choice of a feedstock 
biomass (the wood chips of local forests) that remains fairly homogeneous over the year, compared to other types of wastes, 
such as for example, municipal wastes, assures reliable experimental results.  
To understand the mechanical results correctly, “Gray Borgotaro” biochar was first chemically and physically characterized, 
as reported in the following.  
 
Particle size distribution 
Laser granulometry was used to determine the Gray Borgotaro biochar particle size distribution through FRITSCH 
analysette 22 COMPACT laser on an alcoholic suspension previously dispersed under sonication for 5 minutes. The 
obtained particle size distribution is shown in Fig. 1. The particles ranges from some nanometers up to 40 µm and 50% of 




Figure 1: Gray Borgotaro biochar particle size distribution. 
 
Water retention capacity of biochar 
The method proposed by Gupta et al. [21] was used to determine the water holding capacity. First, in a continuous air flow 
oven at 70.3 ºC, 30 g of biochar were dried for 24 hours to eliminate the humidity that could be present in the powder. 
Subsequently, three beakers were filled with 100 g of distilled water and 10 g of biochar (see Fig. 2). Then, the samples were 
sealed and left to rest for 48 hours. Finally, each solution was filtered with a vacuum pump (with cellulose filter) until there 
was no free water flow. The dry biochar weight was then subtracted from the soaked biochar weight, thus obtaining an 
absorbed water mass of 2.17 g of water for each gram of dry Gray Borgotaro biochar. According to Gupta and Kua [33], 
the retention of water by biochar makes it a potential cementitious matrix material thanks to its morphology and surface 
pores. Micropores and nanopores provide a site for adsorption of aqueous solutions. Furthermore, the biochar obtained at 
high temperature has high pore fractions capable of rapidly absorbing moisture, retaining part of the mixing water, helping 
in the subsequent cement hydration process [34]. 
 
 
Figure 2: Water-biochar solution specimens. 
 





Thermogravimetric analysis (TGA) of biochar 
Thermogravimetric analysis was performed using a Perkin Elmer Pyris 1 TGA. 2 mg of Gray Borgotaro biochar were used 
to the scope. The analysis was performed with a heating rate of 30 °C/min from 30 to 700 °C under N2. Generally, the 
biochar thermostability depends on its production process temperature: the increase in temperature originates more stable 
carbon forms with a high heat resistance of the material [35]. To verify if the residual weight is due to a more stable carbon 
formed during the gasification process, TGA were carried out in air because the organic compounds, in contrast to the 
inorganic ones, lead to combustion reaction in the presence of oxygen. The thermogram in Fig. 3 shows the presence of an 




Figure 3: Thermogravimetric analysis was conducted under the flow of O2 and N2. 
 
The Potential of Hydrogen (pH) of biochar 
Gray Borgotaro biochar pH was determined by preparing a homogeneous aqueous suspension according to a 
biochar/deionized water weight ratio of 1:10 and after 90 minutes of stirring in a beaker with a magnetic stirrer. A Crison 
pH meter Basic 20 was used for this test.  
The pH measurements have been repeated after 24 h and after 5 days, as reported in Tab. 1. Tested biochar samples resulted 
alkaline, probably due to the presence of organic functional groups, carbonates, or inorganic alkalis. 
 
Sample pH pH 24h pH 5 days 
Gray Borgotaro Biochar 10.22 10.8 10.95 
 
Table 1: Biochar pH. 
 
X-ray diffraction 
Calcite (CaCO3, JCPDS card n°05-0586) is the main compound, while fairchildite (K2Ca(CO3)2, JCPDS card n°21-1287) is 
a secondary phase. Finally, calcium oxide (CaO, JCPDS card n°37-1497), portlandite (Ca(OH)2, JCPDS card n°04-0733) 
and potassium sulfate (K2SO4, JCPDS card n°01-70-1227) are probably present as traces. Fairchildite can be found in fused 
wood-ash clinker that occurs in partly burned fir and hemlock trees[36]. At room temperature, in the presence of moisture, 
fairchildite converts to buetschliite [37]. Known as wood-ash stone or fused wood-ash stone, buetschliite is the result from 
wood combustion and the fusion of mostly alkali and alkaline-earth metals [38]. It has been reported from North America 
and Australia in a variety of conifers and angiosperms. The resulting stone is normally an off-white colour and may also 
contain inclusions of charcoal. Buetschliite, calcite, portlandite and periclase (MgO) have also been reported to form in 
furnace slag deposits where wood chips are burnt and for firing temperatures below 750 °C [38].  
Calcium oxalate (whewellite, CaC2O4.H2O, or weddellite, CaC2O4.2H2O) is a very common salt in plants, probably as a 
product of photosynthesis and its pyrolysis leads to the formation of calcium carbonate [38]. Apart from calcium oxalate, 
many plants produce micro-crystals of calcite that develop without any involvement of fire [38]. Finally, silicon may be 
uncommon in trees but is abundant in straw, another biofuel [38]. 
XRD pattern of biochar is reported in Fig. 3.  
 






Figure 4: XRD pattern of the Gray Borgotaro biochar. (Calcite (black), fairchildite (green), calcia (fuchsia), portlandite (grey) and 
potassium sulfate (blue). 
 
Mass Spectrometry with Inductively Coupled Plasma (ICP-MS) 
ICP-MS (Mass Spectrometry with Inductively Coupled Plasma) is an elemental and isotopic inorganic analysis technique 
capable of determining and quantifying most of the elements of the periodic table in a linear dynamic range of 8 orders of 
magnitude (ng/L - mg/L), in addition to being able to carry out the determination of the elements in a multi-element analysis 
that provides the composition of the sample analysed. It can also carry out the quantification of the isotopic composition 
and the study of the stability of trace isotopes. Tab. 2 shows the amount of heavy metals calculated, in order to evaluate the 
potential environmental toxicity of the biochar used in this research. 
 
Metals and not metals in ICP Unit Value Method 
Arsenic As mg/Kg 0.364 IPC-MS-PT-IPC mass 
Cadmium Cd mg/Kg 1.94 IPC-MS-PT-IPC mass 
Chrome Cr mg/Kg 6.35 IPC-MS 12m-IPC mass 
Iron Fe mg/Kg 1310 M05/IPC-OES-IPC optical 
Magnesium Mg g/100g 1.52 M05/IPC-OES-IPC optical 
Mercury Hg mg/Kg < limit IPC-MS-PT-IPC mass 
Nickel Ni mg/Kg 59 IPC-MS-PT-IPC mass 
Lead Pb mg/Kg 11.3 IPC-MS-PT-IPC mass 
Potassium K g/100g 6.07 M05/IPC-OES-IPC optical 
Copper Cu mg/Kg 57.2 M05/IPC-OES-IPC optical 
Sodium Sa g/100g 0.115 M05/IPC-OES-IPC optical 
Zinc Zn mg/Kg 230 M05/IPC-OES-IPC optical 
 
Table 2: Quantity of heavy metals calculated by inductively coupled plasma mass spectrometry (ICP-MS). 
 
Gas chromatography with mass spectrometric (GC-MS) 
Another environmental concerns of biochar application in construction and building industry is its potential contamination 
with heavy metals (HMs) and polycyclic aromatic hydrocarbons.  
 




Determination of PAH content in biochar currently include gas chromatography analysis. First, 5 g of biochar were extracted 
by the acetone mixture: hexane = 1:1; the solvent was then evaporated by means of a rotary evaporator and the whole was 
weighed. The extracted fraction was then recovered with the acetone mixture: hexane = 1:1 (1-2 ml), adsorbed on a small 
silica column (5 ml), recovered by washing with 5 ml of the usual mixture and finally dried. Subsequently, a known amount 
of the extract (2.8, 23.6, 19.6 and 81.4 mg respectively) was recovered with toluene (28, 236, 196 and 814 μl respectively), a 
quantity of diphenyl was added, used as internal standard, calculated as a function of the extract, (namely mg extracted: mg 
diphenyl = 10:1), and injected into the gas-mass instrument (GC-MS) to evaluate the possible presence of polycyclic 
aromatic hydrocarbons (1μl split mode 1/20 ratio). The instrument used is a GC-MS (Agilent) equipped with a capillary 
column of 30m (0.25 mm i.d., 0.25 mcm f.t) connected with a 5m silica pre-column (i.d 0.53 mm). Data were recorded in a 
scan mode of 70eV (41-440 m/z). A standard mixture containing 16 common IPAs was injected under the same conditions 
to allow identification and quantification of polycyclic aromatic hydrocarbons possibly present in the biochar samples.  
Tab. 3 shows the total content of PAH (polycyclic aromatic hydrocarbon), that are present in the analysed biochar. This is 
equal to 0.25 mg/Kg, which represents the amount of Phenanthrene, since the content of PAH is below the detection limit 
(LOD: 0.050 mg/kg) of the instrument, for all the other compound. 
 
Sample name Unit Value Method 
Naphthalene mg/Kg < LOD GC-MS 
Acenaphthylene mg/Kg < LOD GC-MS 
Acenaphthene mg/Kg < LOD GC-MS 
Fluorene mg/Kg < LOD GC-MS 
Phenanthrene mg/Kg 0.25 GC-MS 
Anthracene mg/Kg < LOD GC-MS 
Fluoranthene mg/Kg < LOD GC-MS 
Pyrene mg/Kg < LOD GC-MS 
Benz(a)anthracene mg/Kg < LOD GC-MS 
Chrysene mg/Kg < LOD GC-MS 
Benzo(b)fluoranthene mg/Kg < LOD GC-MS 
Benzo(a)pyrene mg/Kg < LOD GC-MS 
Benzo(b)pyrene mg/Kg < LOD GC-MS 
 
Table 3: Content of PAH (mg/kg) in Gray Borgotaro biochar sample. 
 
BET analysis 
The porosity and specific area of the biochar was determined by the adsorption isotherm and desorption of nitrogen (N2) 
at 77.35 K (liquid nitrogen temperature) by the BET method (Brunauer, Emmett and Teller) [39]. A Tristar II Krypton 3020 
was used to determine nitrogen adsorption-desorption isotherms at the boiling point of liquid nitrogen. 
From the nitrogen adsorption curve, it was possible to detect a high nitrogen adsorption that translates a high specific area 
of 28.06 m²/g, in addition, the average size of the pores is 32.73 Å or, 3.27nm, facilitating any access to adsorption.  
 
Field Emission Scanning Electron Microscopy (FE-SEM) on biochar 
The morphology of samples was observed by means of a Zeiss, FE-SEM at 20 kV. It can be observed in Fig. 5 and 6 that 
biochar maintains part of the biomass fibrous structure and it clearly seems to be porous. The porous structure of biochar 
could be derived either from the porous structure existing in raw biomass or it was formed during the gasification process. 
 










Figure 6: FESEM micrograph of Gray Borgotaro biochar, 2080× magnification. 
 
 
PREPARATION OF BIOCHAR-ADDED CEMENTITIOUS COMPOSITES 
 
Cement pastes 
Eleven types of cement paste specimens were made using Ordinary Portland Cement (OPC) type I 52.5R (see Tab. 4) and 
the experimental campaign was divided into two parts. 
In the first one, the behavior of biochar as a filler in cementitious composites was analyzed. Based on the experience of 
previous studies carried out at Politecnico di Torino [25–27,40,41] five different percentages with respect to the weight of 
cement were used (0.8%, 1%, 1.5%, 2%, and 2.5%) with a water to cement w/c ratio equal to 0.35 and 1% of superplasticizer 
Dynamon SP1. 
The second experimental campaign explored the use of biochar as substitute of ordinary Portland cement. Therefore, the 
best percentage of the previous campaign was chosen (2%) and the mixture parameters (in water or dry) were varied. 
Furthermore, another batch was prepared (with biochar used both as a filler and a substitute) with the w/c ratio equal to 
0.40, considering the effective reduction of water in the mixture generated by the biochar [33], and with the optimal mixing 
procedure (in water). Cement pastes were cast into 20×20×80 mm prisms and then the samples were cured in water for 7 
and 28 days before testing. 
 





Batch Description Cement [g] w/c Water [g] SP1 [g] Biochar [g]
OPC Plain cement paste 460 0.35 161 2.3 - 
GBC 0.8% Cement+ 0.8% of biochar mixed in water 460 0.35 161 2.3 3.68 
GBC 1% Cement + 1% of biochar mixed in water 460 0.35 161 2.3 4.6 
GBC 1.5% Cement + 1.5% of biochar mixed in water 460 0.35 161 2.3 6.9 
GBC 2% Cement + 2% of biochar mixed in water 460 0.35 161 2.3 9.2 
GBC 2.5% Cement + 2.5% of biochar mixed in water 460 0.35 161 2.3 11.5 
GBC 2%_Sost Substitution of 2% of cement,  with biochar mixed in water 225.4 0.35 80.5 2.3 4.6 
GBC 2%_S_Sost Substitution of 2% of cement,  with biochar mixed in cement 225.4 0.35 80.5 2.3 4.6 
GBC 2%_0.40 
Cement + 2% of biochar mixed in water,  
w/c ratio: 0.40 230 0.4 92 2.3 4.6 
GBC 2% 0.40_Sost Substitution of 2% of cement,  with biochar mixed in water, w/c ratio: 0.40 225.4 0.4 92 2.3 4.6 
 
Table 4: Mix-design of cement paste. 
 
Mortars 
Two different mortar admixtures were prepared, both as a first step to develop green concrete. In more detail, the first type, 
denoted as M in Tab. 5, aims to simulate in scale a ready-mix concrete, while the second, denoted as N, refers to a mixture 
for precast concrete. The two admixtures differ for the water-cement ratio and the type of cement and superplasticizer used, 
while the same three different percentages of biochar addition (0%, 1%, 2.5% by weight of cement) are considered. Based 
on previous studies [29,31], 1% seems the most promising percentage, whereas 2.5% can be seen as the maximum addition 
that allows maintaining an adequate workability without exceeding standard doses of superplasticizer and without producing 
unstable mixes that start to show bleeding and segregation. In this study, higher superplasticizer dosage is used for increasing 
biochar addition in order to get about the same flowability for all the batches. The slump values, which were obtained 
immediately after the end of mixing by using scaled (1:2) version of the Abrams cone, are shown in Tab. 6, which also 
reports the fresh density of each batch.  
Since the admixtures designed differ from standard cement mortars, a proper mixing procedure, based on “method of 
concrete equivalent mortar” (MBE) was applied, see [42,43] for further details. Mortars were cast into 40×40×160 mm 
prisms and then the samples was cured in water for 14 and 50 days before testing. 
 
Batch Cement  w/c Water Superplasticizer Biochar Aggregates 
 type [g]  [g] type [g] [g] CEN sand [g] 0-6.3 mm [g] 
M 0% II A-LL 32.5R  330 0.55 181.5 Dynamon SX42 2.6 - 160 960 
M 1% II A-LL 32.5R 330 0.55 181.5 Dynamon SX42 3 1 160 960 
M 2.5% II A-LL 32.5R 330 0.55 181.5 Dynamon SX42 3.3 2.5 160 960 
N 0% I 42.5R 400 0.4 160 Dynamon SP1 3 - 200 980 
N 1% I 42.5R 400 0.4 160 Dynamon SP1 3.4 1 200 980 
N 2.5% I 42.5R 400 0.4 160 Dynamon SP1 3.8 2.5 200 980 
 
Table 5: Mix-design of cement mortars. 
 
 




Batch Slump Fresh density  
 [mm] [Kg/m3] 
M 0% 257 2329 
M 1% 253 2310 
M 2.5% 244 2299 
N 0% 247 2361 
N 1% 296 2394 
N 2.5% 282 2386 
 
Table 6: Slump and fresh density of cement mortars. 
 
 
EXPERIMENTAL TESTING  
 
ll the experimental specimens were submitted to three-point bending test (3PBT), by following JCI-S-001-2003 
standard [37]. A U-shaped cut (6 mm deep for cement pastes and double for mortars) was made in the middle of 
the samples. Cement pastes were tested over a net span S of 70 mm by means of a Zwick Z050 Universal Test 
Machine, while for mortars the net span S was equal 120 mm and an Instron 8862 Universal Test Machine was used. The 
tests were performed under Crack Mouth Opening Displacement (CMOD) control by using a clip-on gauge in order to 






Pf             (1) 
 
where Pmax represents the peak load of the load (P) - CMOD curve, while b and h are the width and net depth of the mid-
cross section, respectively. 







            (2) 
 
where Alig is the area of the broken ligament (bxh), W0 represents the area below the load (P) - CMOD curve and W1 is 
related to the work done by deadweight of specimen and loading equipment. 
In order to better analyze the cracking process for biochar-added cementitious composites, FESEM observations were 
performed on cement pastes on some specimens previously subjected to three-point bending test, while for mortars the 
Digital Image Correlation (DIC) technique was adopted by using a NIKON D750 camera during the testing and then by 
means of software Ncorr to process the acquired photos. 
On mortars, compression tests were performed too, in accordance to Standard EN 196-1:2016 [44], on the two halves of 
the broken prisms, previously subjected to three-point bending test. 
 
 
RESULTS AND DISCUSSION  
 
Cement pastes 
Flexural strength and fracture energy are obtained, as previously explained, from CMOD curves, which are reported as an 
example in Fig. 7 for cement paste specimens at 7 days. The flexural strength and fracture energy of each set are reported 
in Tab. 7. Each set is composed of four specimens and the results correspond to the mean values ± standard deviation. 
A 
 




Fig. 8 and 9 show respectively the results in terms of flexural strength and fracture energy of cementitious composites with 
biochar used as a filler, both at 7 and 28 days. The results in terms of flexural strength and fracture energy for the different 
cases where 2% biochar was used (GBC 2%_Sost, GBC 2%_S, GBC 2%_S_Sost, GBC 2%_0.40, GBC 2%_0.40_Sost) are 
shown in Fig. 10 and 11, respectively. It is worth noticing that in this case, the tests to determine flexural strength and 
fracture energy after 28 days could not be performed for technical problems due to the global pandemic caused by 
coronavirus (COVID-19). 
It can be recognized that the batches in which GBC was used as a filler in small amounts (GBC 0.8%) show a decrease of 
flexural strength compared to the plain cementitious paste, both at 7 and 28 days. For 1 wt.% and 1.5 wt.% it can be noted 
that the values differ between 7 and 28 days: in the case of 7 days curing there is a slight decrease in flexural strength, while 
at 28 days a significant increase compared to the reference samples is observed (+7% and +10% respectively). 
The addition of 2 wt.% and 2.5 wt.% of cement leads to an increase of the flexural strength at 7 days by more than 15% 
and almost 10% respectively, while the results at 28 days are quite different between the two batches. In fact, GBC 2% 
roughly has the same flexural strength as OPC ones, while GBC 2.5% shows a significant decrease (more than 20%), 
probably because of a not optimal dispersion of biochar in the cementitious matrix. 
Regarding fracture energy, it is clear that the results at 7 and 28 days do not follow the same trend of the flexural strength: 
at 7 days the results give a linear growth trend, the higher the percentage of particles of biochar, the higher the values of 
fracture energy (the composition with 2.5 wt.% of biochar shows an increase around 40% compared with OPC sample). 
On the other hand, the 28-day results are difficult to interpret, because of fluctuations in values that can perhaps only be 
explained by the ability of biochar to interact with the hydration of the samples during the curing phase. 
 
Batch Flexural strength f  [MPa] Fracture energy Gf [N/mm] 
  7 days 28 days 7 days 28 days 
OPC 1.82±0.17 2.10±0.22 0.013±0.007 0.019±0.003 
GBC 0.8% 1.36±0.67 1.78±0.39 0.011±0.010 0.053±0.040 
GBC 1% 1.70±0.31 2.25±0.77 0.027±0.006 0.030±0.020 
GBC 1.5% 1.44±0.43 2.31±0.59 0.033±0.011 0.013±0.003 
GBC 2% 2.10±0.52 2.16±0.92 0.033±0.005 0.033±0.011 
GBC 2.5% 1.98±0.91 1.64±0.65 0.037±0.009 0.027±0.006 
GBC 2%_Sost 1.29±0.06 - 0.027±0.017 - 
GBC 2%_S 1.11±0.13 - 0.021±0.04 - 
GBC 2%_S_Sost 1.11±0.85 - 0.014±0.003 - 
GBC 2%_0.40 2.14±0.48 - 0.026±0.007 - 
GBC 2% 0.40_Sost 1.63±0.33 - 0.018±0.003 - 
 




Figure 7: Load – CMOD curve as obtained from 3PBT at 7 days for the specimens from 0.8% to 2.5% (a) and all 2% specimen types.  
 






Figure 8: Flexural strength [MPa] - Average value for each batch at 7 and 28 days. 
 
Figure 9: Fracture energy [N/mm] - Average value for each batch at 7 and 28 days. 
 
 
Figure 10: Flexural strength [MPa] - Average value for each batch, 7 days. 
 






Figure 11: Fracture energy [N/mm] - Average value for each batch, 7 days. 
 
Analyzing the results reported so far, it seems clear that the percentage of 2 wt.% of Gray Borgotaro biochar is the most 
suitable to guarantee strength and toughness, both at 7 and at 28 days, without significant fluctuation of values related to 
curing step. Therefore, the batches with the biochar replacing Ordinary Portland Cement were made using the 
aforementioned 2 wt.% content. In these specimens, two different mixing procedures were used (GBC 2%_S_Sost: dry 
mixture, biochar mixed with cement, GBC 2%_Sost: biochar mixed in water) and finally, choosing the mixing procedure 
with the best results, a final batch was cast with a w/c ratio of 0.40 (GBC 2% 0.40_Sost). 
In Fig. 10 and 11 the results of flexural strength and fracture energy at 7 days are reported for all the batches made with 2 
wt.% of “Gray Borgotaro” biochar. As for flexural strength, it is generally possible to observe that there is a slight reduction 
in the mechanical performance when the biochar substitutes Ordinary Portland Cement, even if a higher w/c ratio is used. 
Furthermore, the dry mixing typology is not a favorable solution: both in the case of biochar used as filler (GBC2% _S) and 
in the case of biochar used as a substitute (GBC2% _S_SOST), a decrease in strength is observed by almost 10% and 40% 
respectively. On the contrary, when increasing the water to cement ratio and using 2 wt.% of biochar as a filler (GBC2% 
_0.40), a mix design favorable to the preparation of composites with improved mechanical properties is obtained. This 
result is probably due to the water retention ability of biochar.This is also confirmed by the analysis of data relating to 
fracture energy (which is doubled compared to that recorded for the reference samples). It is noted that 2 wt.% addition of 
biochar used as a filler with a w/c ratio of 0.35 (GBC 2%) is the optimal mix design for composites providing improved 




Figure 12: FESEM micrograph of GBC2% _SOST sample, 2000× magnification. 
 











Figure 14: FESEM micrograph of GBC2% _SOST sample, 1000× magnification. 
 
Finally, a cementitious matrix with porous zones probably due to the fairly high water to cement ratio (0.4) used to 
manufacture the specimens was revealed in the FESEM images of the GBC2% _SOST sample (Fig. 12). This effect could 
explain the decrease of almost 30% of the flexural strength observed with respect to the reference cement paste (OPC). In 
addition, the presence of biochar grains is observed in the compounds that lead to the deviation of the cracks (Figs. 13, 14). 
This also explains the fracture energy increase of the GBC2% _SOST sample compared to the OPC samples (0.027 N/mm 
and 0.013 N/mm, respectively). 
 
Mortars 
The results of three-point bending tests in terms of mean values of flexural strength and fracture energy together with 
corresponding standard deviations are reported in Tab. 8 for each batch (composed of three specimens) for 14 and 50 days 
of curing. The same table also shows the results of compressive tests.  
Flexural strength and fracture energy are obtained, as previously explained, from P-CMOD curves, which are reported as 
an example in Fig. 15 for mortar type M at 14 days. 
 
 





Batch Flexural Strength [MPa] Fracture Energy [N/mm] Compressive Strength [MPa] 
 14 days 50 days 14 days 50 days 14 days 50 days 
M 0% 4.21±0.33 5.37±0.26 0.078±0.005 0.089±0.003 38.68±0.68 47.51±1.59 
M 1% 4.20±0.35 5.05±0.54 0.068±0.009 0.082±0.005 38.55±0.80 49.82±1.00 
M 2.5% 4.90±0.39 5.37±0.49 0.091±0.010 0.091±0.005 38.15±0.85 48.16±0.69 
N 0% 6.62±0.49 6.62±0.15 0.115±0.012 0.098±0.006 86.82±1.44 90.37±3.83 
N 1% 7.04±0.80 7.2±0.12 0.111±0.007 0.109±0.015 86.36±2.58 93.82±3.07 
N 2.5% 6.53±0.24 7.15±0.30 0.118±0.007 0.125±0.029 83.01±1.01 83.06±4.38 
 
Table 8: Mechanical properties of cement mortars. 
 
       
      
 
Figure 15: Load P – CMOD curve as obtained from 3PBT at 14 days for: (a) M 0% (plain batch); (b) M 1%; (c) M 2.5% and (d) 
comparison between the mean values of the three batches. 
 
Biochar addition of 2.5% by weight of cement leads to a general increase of both flexural strength and fracture energy for 
mortar type M, especially at 14 days curing, as shown in Fig. 16a and Fig. 17a. By comparing the results of flexural strength 
and toughness of all batches of mortar type M, it can be seen that even if their values tend to increase, as expected, with 
curing age, this increment is lower as biochar percentage increases. As a matter of facts, biochar particles can act as an 
accelerator that produces beneficial effects on early age development of mechanical properties, as outlined in the literature 
[21]. As regards compressive strength, the addition of biochar does not particularly influence the results, as shown in Fig. 
18a-b. Therefore, it seems that for mortar type M the higher percentage of biochar considered (2.5%) is the most suitable, 
since it increases flexural strength and toughness, without diminishing compressive strength. These results suggest 







0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
14 days curing
M 0% - Sample 1
M 0% - Sample 2










0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
14 days curing
M 1% - Sample 1
M 1% - Sample 2










0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
14 days curing
M 2.5% - Sample 1
M 2.5% - Sample 2










0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
14 days curing
M 0% - Mean
M 1% - Mean









that 2.5% is chosen as maximum percentage in this work, since higher biochar additions require, in order to obtain good 
flowability, a considerable increase of water (or superplasticizer), while increasing the tendency for segregation.  
When considering flexural strength of mortar type N, the addition of 1% of Gray Borgotaro biochar provides an increase 
of the mean values, while for 2.5% only the results at 50 days are improved, as reported in Fig. 16b. The addition of 2.5% 
seems the most promising in terms of toughness for mortar type N, though the role of biochar on fracture energy is a little 
bit difficult to interpret, since the results at 14 and 50 days curing follow a dissimilar trend, as shown in Fig. 17a-b. This 
could be explained by considering the high scatters that were registered for control batch (N 0%) at 14 days (resulting in an 
quite higher value than the corresponding one at 50 days) and for N 1% and N 2.5% at 50 days, probably due to the not 
homogenous dispersion of biochar in the cementitious matrix. As regards compressive strength, the addition of 1% of 
biochar leads to comparable results to control, while a reduction is observed for 2.5%, especially at 50 days curing, see Fig. 
18b. Therefore, by analyzing the values of strength and toughness reported for mortar type N, it is not so clear if the lower 
or higher percentage of addition of biochar are more suitable; therefore, future research aimed at considering a wider range 
of percentages (between 0% and 2.5%) is needed.  
 
     
 
Figure 16: Flexural strength [MPa] - Average value for each batch at: (a) 14 days and (b) 50 days. 
 
       
 
Figure 17: Fracture energy [N/mm] - Average value for each batch at: (a) 14 days and (b) 50 days. 
 
By comparing the results obtained for mortar type M and N, it seems that addition of biochar provides greater benefits for 
higher w/c ratio, as also seen for the cement pastes investigated in this work. This outcome is probably linked to the fine 
grain size and to the high absorption capacity of biochar particles that tend to compact cementitious materials; however, 
this densification effect is lost for mixes already compact, as characterized by low water-cement ratio, as suggested in [31]. 
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type N, suggesting that acceleration effect of biochar reported for mortar type M could be linked to its interaction with 
limestone cement. 
Moreover, as suggested by the results of cement pastes, the mixing procedure adopted in this work for mortars is not 
probably the most promising, since biochar was mixed with cement, while it was not pre-soaked in water, as instead it was 
done for cement pastes. Hence, even if satisfactory results are obtained for mortars in terms of strength and toughness, 
mechanical properties would be probably further enhanced by the addition of biochar thorough an optimal mixing 
procedure. 
 
        
 
Figure 18: Compressive strength [MPa] - Average value for each batch at: (a) 14 days and (b) 50 days. 
 
By applying Digital Image Correlation (DIC) the displacement field and the evolution of crack path can be detailed analyzed. 
The elaboration of vertical displacement enables to obtain the load P – midspan deflection δ curve for each specimen. For 
sake of brevity, the mean responses for the batches of mortar type M after 14 and 50 days of curing are reported in Fig. 19, 
together with the corresponding mean values of fracture energy Gf. In this case, fracture energy Gf is computed for each 
specimen from the load P – midspan deflection δ curve, according to [45], and then averaged. As can be seen, the obtained 
results are in agreement with those deduced from the corresponding load-CMOD curves according to JCI-S-001 -2003 [46], 
and reported in Tab. 8. 
 
     
 
Figure 19: Average values of load P – midspan deflection δ curves as obtained from DIC data elaboration for mortar type M at: (a) 14 
days and (b) 50 days. 
 
The tortuosity of crack path can be evaluated by considering the horizontal strain εx field deduced from DIC data 
elaboration, which is reported in Fig. 20, as an example, for one sample of each batch of mortar type N after 50 days of 
curing. The development of strain values in the post-peak stage assumes the same trend for all the specimens analyzed, 
characterized by three different percentages of biochar addition; hence, it can be stated that the role of biochar on the 
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Figure 20: Distribution of horizontal strain εx field around the notch at different loading level of 3PBT post-peak stage for: 





his work explores the possibility of using biochar obtained through a standardized process of gasification at 700 ºC 
of wood waste in cement pastes and mortars, with different percentages of addition with respect to the weight of 
cement, in order to improve the mechanical properties and reduce the carbon footprint of cement. 
Based on the experimental results, the following conclusions can be drawn: 
 The results of the mechanical tests show that the addition of biochar in a proper percentage increases the flexural 
strength and generates a more ductile behavior of cementitious composites.   
 In terms of flexural strength and fracture energy, the percentage of addition of 2% of Gray Borgotaro biochar 
seems to be the most suitable to be used as filler in cement paste mixtures, since it enables to enhanced these 
properties (e.g. at 7 days, obtaining an improvement of more than 15% and 150% respectively). Notwithstanding, 
the use of biochar in smaller percentages does not produce significant positive effect on mechanical properties of 
cement pastes. It is concluded that the Gray Borgotaro biochar acts as a micro-reinforcement in the cement paste, 
which helps to deflect the trajectory of the fracture, generating multiple fractures. This results in a ductile failure 
when 2% is used. 
 In relation to the cement paste specimens where the cement was replaced by biochar, it is possible to obtain a great 
increase in the fracture energy performance even when the flexural strength is lower compared to the plain cement 
paste. Additionally, the replacement of cement in cementitious paste mixtures translates into lower emissions of 
CO2 into the atmosphere due not only to the lower amount of cement used, but also to the use of biochar itself, 
since the latter can be considered a method of carbon sequestration. The use of biochar contributes to the fact that 
bio-materials derived from waste could be accepted as an optimal solution for the reduction of greenhouse gases 
emissions in the implementation and production of construction materials. 
T 
 




 As regards mortars, addition of 2.5% of Gray Borgotaro biochar leads to a general increase of both flexural strength 
and fracture energy, while conserving a good compressive strength and workability. Nevertheless, this last property 
is affected when more than 2.5% biochar is used, hindering the casting process and requiring modifications in the 
mix design. In particular, in this case, the amount of superplasticizer required becomes higher than that 
recommended by the regulations (more than 2%) and the mixture tends to segregate. On the other hand, by 
increasing the amount of water, the mixture workability is greatly enhanced, but mechanical strengths decrease 
considerably. Hence, the set of cement pastes and mortars with the addition of more than 2.5% of biochar was 
completely discarded.  
This study hopes to generate motivation for future research that explores the use of biochar from different sources in 
cementitious material, such as pastes, mortars and concretes, since its employment in selected percentage can lead to 
enhanced mechanical properties, without compromising the workability. Both its use as filler and as cement replacer 
demonstrate that waste-derived materials can be regarded as an optimal solution for the reduction of greenhouse gases in 
the production of construction materials.  
Finally, a great advantage of biochar is that its use in cement-based materials does not require any special technique or 
sophisticated configuration that many developing countries cannot apply. In addition, until biochar is not commercially 
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